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ABSTRACT
Described herein are tests of ten long, fabricated, tubular
steel columns, of relatively large diameter, with essentially pin-
ended conditions. In addition to the behavior, strength and the manner
of failure of the long columns, a number of stub column tests were also
made along with the measurements of residual stresses. These residual
stresses are both circumferential, due to forming of a flat plate into
a cylindrical shape; and longitudinal, resulting from the welding of
longitudinal seam needed to complete the fabricated cylinder. Measure-
ment of these stresses is considered essential to any theoretical analysis
of column behavior.
The maximum strength of the ten long columns tested (at diameter-
to-thickness ratios of 48 and 70 and with a range of slenderness ratio
between 39 and 83) is compared with the eRG maximum column strength
curve and good agreement is generally observed.
aFormerly, .Professor of Civil Engine,ering ,- Fritz Engineering Laboratory,
Lehigh University, Bethlehem, PA 18015.
bFormerly, Research Assistant, Fritz Engineering Laboratory, Lehigh
University, Bethlehem, PA 18015.
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1. Introduction
A relatively unstudied development in structural engineering
is the use of fabricated, tubular steel beams and columns. This trend
is growing, particularly in the design of offshore oil structures and
multistory structures.
Designers of such tubular columns face an immediate problem
in the lack of a reliable design guide since such columns are usually
fabricated in diameters far greater than those for which previous
research data is available. This lack of knowledge on the strength
of these membe~s, based upon suitable experimental evidence, hampers the
designer in his efforts to design a safe but relatively economical
structural member. There is also a more f~ndamental problem with· such
structural members arising due to the lack of knowledge of the behavior
of members fabricated by relatively new fabrication processes. Among
problems associated with prediction of member behavior are the effects
of two-dimensional residual stresses in members introduced during
fabrication and the unknown importance of initial imperfections in
fabrication.
This has motivated the present study of fabricated tubular
columns subjected to concentric axial load. A research program currently
underway at Lehigh University has both theoretical and experimental
Iprofessor ,of Structural Engineering, School of Civil Engineering, Purdue
University, W. Lafayette, IN 47907; formeTly, Professor of Civil Engineering,
Fri~z Engineering Laboratory, Lehigh University.
2Instructor, Dept. of Civil Engineering, Lehigh ,University, Bethlehem, PA
18015; formerly~ Research Assistant, Fritz Engineering Laboratory, Lehigh
University.
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phases, both of which attempt to provide design assistance to suchmem-
be;rs. This report summarizes the experimental phase of the investigation.
Included in the investigation was the measurements of residual stresses
in a typical fabricated cylindrical column, the testing of three stub
columns and the testing of ten full-scale long columns under axial load
and pin-ended conditions with slenderness ratios ranging from 39 to 83
and diameter-to-thickness ratios of 48 and 70.
2. Scope of Test Program
It is appropriate here to describe briefly the process by
which fabricated tubular structural members are commonly made. Usually,
the tubular member is formed by ,several cycles of repeated cold-rolling
of a flat plate until opposite edges come together. A cylinder or "can"
is then formed by welding down this longitudinal seam. Manufacturing
limitations usually limit the length of these cans to about 3 meters
(10 ft) but any number of these cans may be welded together end-to-end
to form the desired member. A·possibility of longitudinal weld tearing
in a completed member when loaded is avoided by staggering the welds
between "cans", usually making the weld in one can about 1800 out-of-
phase to the weld in the next can. (American Petroleum Institute
oSpecifications (2) require at least 90 out-af-phase.)
This forming process in fabrication clearly introduces signi-
ficant circumferential residual stresses which vary through the thickness
of the plate while the longitudinal welding process introduces significant
longitudinal residual stresses. Particular attention of this research
has focused ,on the magnitudes and distributions of these stresses which
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are a necessary prelude to any analytical investigation of the effects
of these stresses on beam-column behavior under load. Residual stress
measurements were undertaken on a short column of similar size to that
used in the three stub column tests.
The stub column tests were undertaken in order to plot the
column buckling strength curve based on the tangent-modulus theory and
included the effect' of residual stresses. The long columns varied in
length from 5.5 to 11 meters (18 to 36 ft) and in diameter from 380 mm
(15 in) to 560 mm (22 in). An important feature of these tests was the
use of spherical ~nd bearing blocks during column testing. Apart from
simu+ating as closely as possible, pin-ended conditions and thus the
longest possible "column effective length", this also allowed a column to
be tested to determine its own (previously unpredictable) buckling direction:
Table 1 gives the detailed list and dimensions of specimens
supplied for testing. The specimens were fabricated in accordance with
the requirements of American P~troleum Institute Specifications-(2)
with welding,procedure~ conforming to American Welding Society (3)
requirements. The sections used, to form. the columns were from ASTM A36
steel plate in whi~h the original rolling direction was perpendicular
~to the longitudinal axis of the finished columns. Two heat lots of steel
were included in tne specimens and the properties of these, as found
in various tensile tests, are recorded in Table 2. The wall thicknes·s
of all specimens was 7.8 rom (5/16 in).
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3. Supplementary Tests
The material properties, as determined from tensile testing,
are listed in Tab~e 2. The stub column test gives a stress-strain
curve showing the effect of residual stresses. 'The proportional limit,
the static yield stress level and the elastic and the elastic~plastic
moduli are the impo~tant data furnished by the curve. Data from the
stub column test are necessary for th-e prediction of column buckling
strength based on tangent modulus theory. This result will be presented
later. The stub column specimens were tested in the 5,000,000 lb.
Baldwin Testing Machine in the Fritz Engineering Laboratory of Lehigh
University using the technique reported and recommended in Ref. 14.
Details of these tests are summarized in Ref. 11, and some of the highlights
are given in Appendix C.
The method of "secti-oning" was used to obtain the experimental
or measured values of longitudinal strains and, consequently, longitudinal
residual stresses. A series of 10 inch gage holes were laid out on the
spec~men and measured with ,1/10,000 inch accuracy Whittemore strain
gage. The difference in length before and after the sectioning is a
measure of residual stress (Ref. 15). A "hole drilling technique",
described in Ref. lO~was used to measu~e the variation of circumferential
residual stresses through the wall thickness. A critical review of the
Uhole drilling technique" is given in Ref. 14. Herein, a brief dis-
cussion of the results obtained by these testing techniques is presented.
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4. Residual Stresses
Longitudinal residual stresses introduced by longitudinal
welding of the " eans" were measured by the method 0'£ "sectioning l '. The
residual stress distribution thus obtained is shown in Fig. 1. This
distribution represents an average through the wall thickness. The
solid curve shows a possible approximation of the test points by a
curve of the type predicted by Marshall (8) and the dotted lines are
a straight-line approximation suggested as a simplified alternative.
It is noted that near the weld the material has effectively yielded
in tension.
If x is the distance from the weld, R, the tubular member
radius, crL, the longitudinal residual stress at a point and ~, the
material yield stress, then the following values may be adopted as end
points in this straight line approximation:
1.0 at x a=R
0 at x 0.15- =R
O"L -0.30 at ~~ 0.3R
-=
cry 0 at x 1.0- =R
0.1 at ~~ 1.2R
0 at ~> 2.0R-
In which tensile stress is assumed to be positive. In any such
distribution, the resultant axial force must, of course, be zero.
However, in Eq. 1, no attempt has been made to balance bending moment
about an axis perpendicular to the weld, as the out-of-bal?nce moment
(1)
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was found to be negligible. It is particularly noteworthy that, except
near the weld, longitudinal residual stresses as approximated by Eq. 1
go through zero points at distances from the weld equal to multiples of
the column radius. Similar results were also observed elsewhere (9).
Reference 9 suggests that the straight line approximation may be adequate
for colwnn radii tip to a maximum of about, 380 mm (15 in), that is, for'
radii in excess of this value, R should be taken as 380 rom' (15 in). This
is reasonable when it is considered that a finite amount of heat is
added to a "can" in the longitudinal welding process. It is noted,
however, that there may be a dependence of the ~L/cry ratio on the yield
strength of the material and the welding procedure used.
Circumferential residual stresses were measured by a hole-
drilling technique (10) in which surface strain measurements were taken
of the strain release due to drilling at the base of a small diameter
hole in the tubular column wall. For a given location, the experiment
waS conducted both from inside and outside surfaces of the tubular
column (Fig. 2a). No significant variation in the distribution of
circumferential residual stresses through the thickness of the wall
was found at different locations on the same cross section (Fig. 2a).
Figure 2(b) ,shows a typical experimental result. The hole-drilling
technique is known to have a limited range of validity such that the
results near the surface, as well as those taken near the center line of
the wall, may contain possible inaccuracies. Thus, the straight line
approximation is do~te_d in these areas. Figure 2 (c) shows the average
circumferential residual stress pattern obtained.
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If the forming of a flat plate into a cylindrical shape by
several cycles of repeated cold-rolling tan be idealized as the process
of pure bending of a beam, a crude estimate of the pattern of circum-
ferential residual stresses distribution is then possible. This is
illustrated in Fig. 3. In the cold-rolling process, fully plastic yield-
ing of the plate must occur (Fig. 3a). Before welding, the "can" is
allowed to "spring back" (Fig. 3b) and it results in the circumferential
residual stress distribution shown in Fig. 3(c). Figure 4 shows that
this estimate differs markedly in magnitude from the measured distri-
bution ftaken from Fig. 2(c)] but it does show.the correct pattern of
distribution. Repeated cold-rolling, incomplete spring back and subse-
quent cooling of the weld~ and initial residual stresses existing in
the flat plate before forming, can all explain these discrepancies.
5. Long Column Testing
5.1 General
In -the ten 'full-scale long column tests, the maximum nominal
length, L, of the column was fixed by the height of the Baldwin 5,000,000.
lb. testing machine in Lehigh's Fritz Engineering Laboratory (about 12 m
or 40 ft) and the minimum column diameter (and thus the.radius of gyration,
r) was ,controlled by the forming ,capabilities of the available specimen
manufactur-ers.
A special feature of these tests was the use of spherical
..
bearing heads at each end of the specimen during testing. UnJike a
column of I or H section in which the buckling direction is well defined,
it was imposs ible. to predict the buckling direct ion of a fabricated
-8
tubular column. The use of spherical bearing heads thus allowed this
buckling direction to be measured.
Tr,ue' pin-ended condition is impossible to attain in practice
because the spherical end blocks will always have some frictional resis-
tance to ,end rotatio·u. The measurement of column effective length was
therefore achieved by the use of electric resistance strain gages mounted
on the outside of each specimen at quarter points and near each end. The
gages were aligned so as to measure longitudinal ~olumn strain as axial
loads were applied. At each location, four strain gages were mounted on
the specimen, established on the two perpendicular planes used for out-of-
straightness measurements. As the column was loaded axially the differences
in axial strain measurements at diametrically oppos'ita locations on the
column could be used to determine curvatures at that location (curvature =
strain difference/column diameter). At axial loads approaching the buckling
load, the distributions of curvature along the column length were plotted,
and the. effective length factor, KL, was taken to be the longest length
between the two zero points of the sketched curvature diagrams'. In the
ten tests c'onducted, the effective colmnn length factor K ranged from 0.• 6
to 1.0·.
5~2 Initial Imperfections
Measurements of the out-of-roundness of a fabricated specimen
were made. It was found that, in general, there was less than one percent
difference between two perpendicular diameters at all positions along
the column length. Becaus-e of this, this measurement was not made on
subsequent spec.imens.
The American Petroleum Institute has specifications (2) for
allowable fabrication imperfections for out-of-straightness. The
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specifications allow 3 mm (1/8 in) in 3 m (10 ft) (or one part in one
thousand) with the restriction that the out-af-straightness not exceed
9 mm (3/8 in) in 12 m (40 ft) (or 7.5 parts in ten thousand). The
supplied specimens appear to meet these tolerances. 'However, since
specimen out-o£-straightness could be a, critical parameter in determining
column performance, in particular in fixing the buckling direction,
considerable effort was expended measuring the initial out-af-straightness.
This was done with the specimen in an upright position using a theodolite.
Clearly, there is a problem in establishing diametrical planes
on which to take these out-af-straightness measurements. Some attempt
was made, with limited success, to find an axis of maximum out·of-
straightness by rolling the specimen on a flat surface. The longitu-
dinal welds hampered this process.
A typical resulting out-of-straightness pattern is shown in
Fig. 5 for an 11 m long and 0.38 m diameter specimen. The distribution
of heat lots along the spe,cimen is shown in Fig. 5 which also shows a
diagram exploded .along line A to show the relative weld positions. Each
weld is fixed at between 25 and 50 mm (1 and 2 ins) from either line A
or line C as indicated. Table 3 quantifies the magnitude of the out-
of-straightness and also the form of the out-of-straightness' pattern~
In general, the API specified tolerances for out-of-straightness have
not been exceeded. It appears that the out-of-straightness on a dia-
metrical plane nearly parallel to the weld locations is greater than that
on the perpendicular diametrical plane. Detailed summary of the ten specimens
together with their experimental measurements is given in Appendix A.
5.3 Experimental Procedure
Lateral deflections at quarter points along the length of each
specimen and rotations of the spherical end bearing blocks were measured.
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Since longitudinal lines had been established on each specimen for out-
of-straightness mea~urements, these lines were also used to establish
points on the circumference for measurement of axial strain and lateral
displacement.
Rotations in two perpendicular directions of the bottom bearing
block could readily be measured manually with a dial gage and spirit
level apparatus. However, this same procedure was difficult for the
head rotation measurements at a,n elevation of up to 12 m (40 ft). A
plumb~bob type rotation gage was then used in which the curvature of a
sheet metal plumb-bob support was'·measured with electric-resistanc'e
strain gages. The lateral deflections at quarter-points were measu:r:ed
by potentiometers (four at each level) and also at midheight by dial
. gages (also, four). For stub column tests, the end alignment was
ensured by a process of trial-and-error loads until equal straining is
ob'served at circumferential points, on- a section. For the long column
tests, ,the best possible alignm-ent was obtained and then the r-emaining
unintentional e,tid eccentricity noted. Table 4 gives' these measured'
eccentricities. This end eccentricity is essential in the theoretical
analysis in whic.h the column is treated as a biax,ially eccentrically
load~d member 0
The axial load was applied in increments and the static
readings of column behavior recorded. Figure 6(a) shows a typical
specimen prior to testing, while Fig. 6(b) shows the same specimen
after testing. Maximum lateral deflections measured were of the order
of 20 em but considerable elastic straightening of the specimen was
noted as the applied load was released after the test.
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5.4 Test Res~lts and Observations
Typical axial load-lateral deflection curves are shown in
Fig. 7 for one of the specimens. Each of these curves was plotted as
an average deflection of two opposite sides of the specimen. For most
specimens, some lateral movement was noted at approximately 70 to 80%
of the recorded maximum load. Furthermore, as characteristic of column
behavior, there was a marked reduction of load carrying capacity beyond
buckling load, making recording of data in this region difficult.
Table 5 contains a brief description of each column behavior
at failure. The location of the critical section characterized by
either local buckling or by plastic instability with exten~ive yielded
zone occurred frequently at some distance away from the center of the
specimen. This was caused by the combined effects of various orientations
of longitudinal welds, the lower yield strength of' material in some
"cans" and the magnitude and orientation of out-of-straightness existing
in different "cans" of the same. specimen. Note that 6 and 9 failed at
exceptionally large distances from the center of the specimen length.
It. is noteworthy in Table 5 that four specimens are buckled
in the diametrical plane which is perpendicular to the diametrical plane
containing the longitudinal welded seams. Specimen 4 is the only
specimen buckled in the plane parallel to the plane co-ntaining the welds.
The two diameter-to-thickness ratios (D It = 48 and 70) tested
o
encompass -the t~ansition from the mode of local buckling type of failure,
recognized by the checkerboard pattern of cross section distortion, to
the plastic instability type of failure mode characterized by an
-12
extensive yielding of a "can" and relatively' little cross section distortion.
From Table 5, it appears that a (D It) ratio having a value between 48 and 70
- 0
is probably the critical ratio for which the failure mode of a long column
changes from local buckling type to plastic instability type of failure mode.
It is noteworthy, however, that the columns with D It = 70 were found
o
to retain their load-carrying capacity higher than that predicted by
tangent modulus theory using the results of stub column tests, even
in the presence of pronounced local buckling at failure. This will be
discussed further in the foltowing section.
The critical "can" of column specimen 10 was not the central
can. Examination of the out-af-straightness patterns suggests that
this may have been-the major influencing factor on the behavior of this
column. The critically yielded "canlt of specimens 6 and 9 was located
very near the ends, despite the fact that the entire specimens were
made from steel of the same heat lot. In both case, the bulge of local
buckling occurred only a few inches from a circumferential weld.
Examination of the out-af-straightness patt-erns shows again tha t this
may have been the major factor. In these cases, it was also observed
that there was a greater than average "misfit" between the longitudinal
axes of consecutive cans at the critical circumferential welds. These
factors such as out-of-straightness and "misfit lt are very critical in
determining the position of critical "can" along the column length,
especially for columns' with large D It ratios (i.e., D It = 70).
o 0
Two other aspects of post-buckling behavior are indicated
by the data in Table 6. The maximum lateral deflections measured at
the midheight of a specimen are recorded numerically. These maximum
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deflections have the magnitude of the order of 1.0 to 1.7% of the column
length. At these deflections, the residual axial load-carrying capacity
of the member is of the order of 40%0£ the buckling load.
In Table 6, the rotation of the top head, eT, is recorded as
a fraction of the rotation of the bottom head, SB' A simple prediction
,of this ratio is also made by assuming that the buckled column has all
plastic rotation concentrated at the critical location, i,e" that the
deflected shape of a buckled column is essentially bilinear. Comparison
of these observed and predicted values shows good agreement, except for
specimens 4 and 10, for which a secondary critical location could be found.
Observation of Tables 1 and 5 shows that the larger diameter
column specimens all failed in an interactive local and overall insta-
bility buckling mode and were the only specimens ~o do so, The failure
was initially in the form of plastic instability, followed immediately
by local buckling. For large diameter columns, they cannot sustain
finite deformations withou~ developing local croSs sectional distortion.
For all the columns tested, how·ever-, the column buckling ,strength is not
significantly affected by its diameter-to-thickness ratio. There was a
sudden, catastrophic loss of axial load-carrying capacity in specimens
with D It = 70 which failed by local buckling. In contrast, the loss of
o
load-carrying capacity fc;>r specimens with D It =48 was less sudden and
o
a significant plastic deformation capacity was usually observed. The
transition from general yielding to local buckling type of failure was
observed at D It ratios between 50 and 70 for all the ~/r ratios tested.
o
(2)
-14
5.5 Comparison with Column Strength Curves
Figure 8 defines both "static" axial load, P, and "dynamic"
load, Pd , as obta~ned, during testing. The "static" load is essentially
the maximum static load recorded corresponding to zero strai~ rate, whereas,
the "dynamic" ,load is taken as the maximum load the specimens sustained
during loading. The dynamic-to-static load ratios varied between the
range Pd/P = 1.02 to 1~07. A summary of the maximum measured loads for
the ten long columns and three stub columns tested, is given in ·Table 7 .
. In Fig. 9, column buckling strength curves are presented
together with the ten long .column test results. The column buckling load
is derived from the equation
2
P 1 'IT Et
Py = 1..2 = cr (KL)2y r
Data from the three stub colwnn tes'ts are used for the derivation of the
tangent modulus Et . Static yield stress.valu~s for cr based on tensiley
coupon tests are used in the calculation of the plotted values and the
yield load P = A 'cr. The "barbell" plotted for each test reflects they' y
uncertainty in effective lengths of specimens at buckling which were
measured as previously described. It can be seen that the test points
lie above the predicted value.
In Fig. 10, the test results are plotted with the basic Column
This column curve is the basis of allowable stresses for columns given
p
-=p
.Y ,
Research Council curve. The eRe curve is derived from the, equation
(j
1 _ 1:. -Y. (KL) 2
4 1T2E r
(3)
by the 1969 Specification of the American Institute of Steel Construction
(1). Figure lOis plotted on a "static" loading basis and Fig. 11 is on
a "dynamic" loading basis. It should be noted that the eRe ultimate
strength curve was developed mainly on the basis of tests for hot-rolled,
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wide-flange steel shapes. The present comparison shows that these fabri-
cated tubular members also exhibited a strength close to that implied by
the eRe column curve for the case of short columns but they exhibited much
greater strength than,that predicted by this curve for the case of
intermediate length of columns (Fig. 10).
6.' Conclusion
As described in this report, the following problems were inves-
tigated experimentally--the magnitude and distribution of longitudinal
and circumferential residual stresses of fabricated steel tubular columns,
the stub column tests, and the strength and behavior of ten full-scale
fabricated cylindrical columns of medium slenderness .ratios. Based
on the results of th,e. studies made in the investigations, the following
conclusions can be reached. Some of these are of immediate significance
'to the designer, others may be of importance for future research.
1. ~ The longitudinal residu~l stres~ distribution"has the gene~al
shape shown in Fig. 1 which may be represented by. the straight
line approximation (Eq. 1).
2. The variation of circumferential residual stress distribution
for different locations of a particular section' is not
appreciable except near the weld. Typical circumferential
residual stress distribution pattern through the thickness
of the wall is shown in 'Fig. 2(c).
3. The combined effect of longitudinal and circumferential residual
stresses on the fabricated "can" is considerable as indicated by
a recent theoretical study of momertt-curvature-thrust relations
for such "cans". Details of this study are reported elsewhere (13)
and the highlights are given in Appendix B.
4. The theoretical ultim'ate load analysis based on the tangent
modulus theory of an initially straight column underestimated
the strength of fabricated tubular members (Fig. 9)~
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5. Except for the shortest: columns, these fabricated members
exhibited a strength stronger than that implied by the eRe column
curve by amounts varying from 8% to 16% (Fig. 10).
6. It appears that the transittion from general plastic' yielding
to local buckling type of failure mode" occurs at D It ratio
o
between- 48 and 70 for all KL/r ratios tested. The maximum column
strength does not appear to be affected by the failure mode'•.
7. The· results of this study have indicated that future theoretical
'Work must consi'der the following factors
a. The combined effect of longitudinal and circumferential residual
stresses ,on the behavior and strength of fabricated tubular
members must be considered. These effects can be reflected in
the develQpment '0.£ moment-curvature-thrust relationships,
with a proper maximum strength cut-off at which plastic local
buckling will occur in a "can". This is the basic relationship
needed for any column analysis.
b. The effects of stag·gering the longitudinal welds between
"cans" as well as the transverse welds connecting two adjacent
"cans" On the behavior and strength of fabricated tubular
members must be considered. These effects can be reflecte~
in the consideration of out-of-straightness along the member.
A theoretical approach considering the above-mentioned factors based on
the analysis of beam-columns under axial compression combined with biaxial
bending moment, is now well underw'ay. at Purdue University and Lehigh
University. This method of analysis should allow the analytical prediction
of the behavior and strength of axially loaded" fabricated tubular columns.
Correlation studies using both the experimental and the thebretical results
will allow the development of more. realistical column behavior prediction
tools.
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List of Symbols
= nominal outside diameter of column
= modulus of elasticity
= effective length factor
= column length
~ static buckling load
- dynamic buckling load
= yield axial load
= column radius
= radius of gyration
= wall thickness
= yield stress
= longitudinal residual stress
= bottom head rotation
= top head rotation
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Table 1 List of Specimens
Eff t- Outsideec l.ve _
Diameter to CentralNominal L th D~ametereng D Thickness HeatSpecimen Length Nominal Factor 0
Number "m (ft) L/r Ratio K mm (in) Ratio, D It Lata" '0 '
1 5.5(18) 42 0.89-0.95 380(15) 48 r,rrb
2 5.5(18) 42 0.95 380(15) " 48 r,IIb
3 7.6(25) 60 0.88-0.92 380 (15) 48 II
4 7.6(25) 60 0.96 380(15) 48 II
5 7.6(25) 39 0.60-0.68 560 (22) 70 IIc
6 7.6(25) 39 0.72-0.76 560(22) 70 IIc
7 11(36) 83 0.78-1.0 380(15) 48 II
8 11(36) 83 0.61-0.69 380(15) 48 r,IIb
9 11(36) 58 0.75-0.86 560(22) 70 IIc
10 11(36) 58 0.64-0.83 560(22) 70' IIc
Stub Column
Specimen LID, D It Heat
Numbe4 L 0 Do, 0 lot
1 0.907(2.98) 2.38' 380(15) '48 II
2 0.907(2.98) 2.38 380(15) 48 I
3 1.170(3.84) 2.10 -. 560(22) 70 II
aThe yield stress of Heat Lot II was highel;' than'that for Heat Lot I.
bCircumferential weld near center, different heat lots on each side.
cAll pipe ~eat Lot II.
Table 2 Material Properties
Yield, Values a andy
Origin ~oungrs l1odulus, E Heat Lot I Heat Lot II
Dyn~amic a , MPa (ksi) 318(46.1) 328(47.5)
Mill y
Report Static cry' MPa (kai)
E, MFa (ksi)
Lehigh Dynamic (1y' MPa (ksi) 288(41.7) 321(46.5)
Laboratory Static (1y' MPa (ksi) 271(39~3) 308(44.6)
aTest E, MPa (ksi) 211,000(30,600) 212,000(30,700)
CB'&I Dynamic ay , MPa (ksi) 293(42.5) 324(47.0)
Laboratory Static
.(Jy' MFa (ksi) 271(39.3) 308(44.6)
~ b
Test E, MFa (ksi) 214,000(31,000) 213,.000(30,800)
~aximum strain rate = 0.64 mm/min (0.025 in/min)
bMaximum strain rate = 1.28 mm/min (0.05 in/min)
Specimens taken from plate before rolling.
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Table 3 Maximum Column Out-af-Straightness
Specimen Plane A-C(Fig. 5) Plane B-D(Fig. 5)
Number mm(in) Form of Curvature mm(in) FO,rm of Curvature
~ . ~. -- - l~- 2(0.08) single 8(0 •.31) sing~e
_~ .w_
2 4(0.16) . l¥ca!. 5(0.20) singlel.mper ec ·~ons
3 5.6(0.22) single 8.4(0.33) single
4 6(0.24) single 2(0.08) single
5 3.7(0.15) single 2.6(0.10) double
6 2(0.08) triple 2.6(0.10) triple
7 4.4(0.17) triple 2(0.08 .' .l~ca!.~mper ec ~ons
8 5.5(0.22) double 4(0.16) single
9 5.4(0.21) triple 4.5(0.18) double
10 t 4.2(0.17) triple 2(0.08) single
i
Table 4 Unintended Initial End Eccentricities _.. ~
(Center of Pipe Relative to End Block)
Specimen
,Number
1
.'----,.. -... ----,---------,2---
3
---~---""-.~ -----4---'
5
6
--- ---,~--,-"- -- ,- ... ,7 --
8
9
10
Top Head Bottom Head
5A(mm) 5R(mm) °A(rmn) OR (mm)
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Table 5 Failure Mechanism and Direction
Specimen
Number
1
2
Failure
Mode
plastic
instability
plastic
instability
Location of
Critical
Section(i)a
. ,0.48
0.48
Direction
of Buckling
w.r.t. Weld
300
to weld
30°
to weld
Remarks
yield ~ones in
lower yield strength
can
yield zones in
lower yield strength
can
3 plastic
instability
0.57 perpendicular yield zones in
to weld lower yield strength
can
perpendicular local buckling near
to weld but out of central
can
4
5
6
plastic
instability
plastic
instability
then local
buckling
local
buckling
0.62
0.38
0.82
parallel
to weld
60-70°
to weld
initial buckling in
lower- strength can
local buckling near
but out of central
can
7 plastic
instability
0.41 perpendicular yield zones mainly
to weld in lower yield
strength can
aDistance x measured from base of specimen
perpendicular local buckling in
to weld upper can
8
9
10
plastic
instability
local
buckling
local
buckling
0.64
0.27
0.56
45 0
to weld
40°
to weld
yield zones in
lower yield strength
can
local buckling i~
lower end can
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Table 6 Midheight Deflect,ions and End Rotations of Columns
at the End of Tests
Top End
8 Rotation, aT Predicted
Deflection, 8 --!!! Bottom End (::)~pecimen m L Rotation, eBNumber mm(in) xlQ2
1 53(2.07) 0.96
2 57(2.24) 1.04 0.70 1.0
3 84(3.31) 1.10 1.15 1.33
4 96(3.79) 1.26 1.01 1.63
5 79(3010) 1.03 0.67 0.61
6 49(1.92)a 4.42 4,.56
7 184(7.26) 1.68 0.57 0.70
8 140(5.50) 1.27 1.53 1.78
9 lO6(4.16)a 0.32 0.37
10 121(4.77) 1.10 1.74 1.27
~aximum deflection closer to a.quarter-point
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Table 7 Maximum Column Loads
Dynamic Static
Pult
S ecimen kN kN ki kN
1 580 2674 601 .965 2476 556 2523 567 .981
2 2648 595 2674 601 .990 2492 560 2523 567 .988
3 2403 540 2674 601 .899 2270 510 2523 567 .900
4 2403 540 2674 601 .899 2296 516 2523 567 .910
5 4370 9,82 4406 990 .992 4263 958 4228 950 1.01
6 4361 9,80 4406 990 .990 4112 924 4228 950 t973
7 2270 510 2674 601 .849 2212 497 2523 567 .877
8 2465 554 2674 601 .921 2367 532 2523 567 .938
9· 4272 960 4406 990 .970 4183 940 4228 950 Ot99
10 42-28 950 4406 990 · 960 14094 920 4228 950 .968
Stub Stub ColumnColumn
1 3596 808 2986 671 1.21 3444 774 2861 643 1.20
2 3373 758 2674 601 1.26 3222 724 2523 567 1.28
3 4583 1030 4406 990 1.04 4450 1000 4228 950 1.05
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Fig. 6 Column Testing: (a) Prior to Testing (11m x O.38m
Diameter Specimen); (b) Buckled Column After Testing
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Fig. 9 Comparison of Test Results with Column Strength Curves
Derived from Stub Colunm Tests Based on Tangent Modulus
Theory .
• Test result-s on Specimens of 15 in. outside diameter
• Test results on Specimens of 22 in. outside diameter
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Fig. 10 Comparison of Test results with eRC Column Strength Curve
Ba.sed on Static Yield Stresses .
• Test results on Specimens of 15 in. outside 'diameter
.Test results on Specimens of 22 in_ outside diameter
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Fig. 11 Comparison of Test Res'ults with .eRe Column Strength Curve
Based on Dynamic Yield Stresses.
'.Test results on Specimens of 15 in. outside diameter
.Test results on Specimens of 22 in~ outside diameter
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APPENDIX A
DETAILED SUMMARY OF EXPERIMENTAL RESULTS
Included in this A.ppendix is a graphical summary of the experimental
results obtained during the long column testing program reported in the body
of this report. Since there were essentially two specimens of each type
tested (ie of similar diameterand length), brief descriptive notes have also
been inc1u'ded for each group of two spec imens .
The damage patterns, inditated by loss of whitewash and/or cross
sectional deformation, for each buckled specimen are presented. Basically,
there were three types of damage observed. The most common was a general
whitewash flaking (indicating general yielding of steel at that location)
whi ch is indicated graph; ca11y by Ifs~ra;ght..:o 1ine ll type shad; ng.. On the spec;-
mens of larger diameter an interactive buckling failure was observed accompanied
by high cross sectional distortion of a localized length of tube. This
;s indicated by a IIclear-dotll type shading. Occasionally, there was also
observed a Itcriss-cross" flaking pattern, and this ;s indicated graphically
by large X's.
For each specimen the measured out-af-straightness profiles are also
presented graphically. All measurements are presented along perpendicular
axes and are the average of results taken on opposite ends of a particular
diameter. The longitudinal reference lines and their positions relative to
longitudinal welded seams are established in the figures indicating
specimen damage at buckling.
For each specimen lateral deflection measurements at midheight are also
presented for the two perpendicular axes previously established. Results pre-
sented are an average of results obtained on opposite ends of a specimen dia-
meter. Where available, head-to-head contraction vs. axial load curves are also
plotted. Where deflection or contraction curves are presented, the results
A2
are presented in both.dirrensional and non-dimensional fonn. In the non-
diIrensionalizing process the axial load is presented .. as a fraction of the
expected yield axial load of the lowest strength within the specimen, and
deflection or contraction is presented as a fraction of the nominal column
length. The yield strength values used in computing the (P/P ) ratios iny
these graphs were the values obtained as the "dynamic yield strength" values
by the CB&I testing ·procedure.
A3
Specimens 1 and 2
5.5 mx 0.38 mdiameter
18 ft x 15 in diameter
a) At buckling both showed yielding 'in a can of lower yield strength.
b) Specimen 2 showed slight flaking in second can from top prior to general
flaking from the next lower can. The flaking formed in thin horizontal
lines on either side of the weld in can second from top.
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Fig. A 1. Whitewash flaking evident on buckled Specimen 1
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A7
1.20m
(4 7 in)
Aoc
25f1Jm
8
50mm
A
HEAT
LOT
I
II 1.53m(60 in)
I
50mm
1.53m
(60· In )
II 50mm 1.20m
(47in)
Fig. A 4. Whitewash flaking evident on buckled Specimen 2
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Fig. A6. Lateral deflection at mid-height of Specimen 2 ..
Specimens 3 and 4
a load of 2.0 MN (450 K).
f) After substantial deformation of Specimen 4 in the modes described in
(c) and (d)~ Specimen 4 exhibited some flaking of the central can,
diametrically opposite its longitudinal weld.
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Fig. A 12. Lateral deflection at mid-height of Specimen 4.
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Fig. A 13.' Head-to-head contraction of Specimen 4 ..
AlB
Specimens 5 and 6
7.6 m x 0.56 m diameter
25 ft x 22 in diameter
a) Both of these specimens failed in an interactive buckling failure mode,
characterized by high cross sectional distortion of a particu,lar section
of the column length. Such buckling occurs rela~ively suddenly with
accompanying high reduction in load carrying capacfty ,of the column. In
both specimens the location of the critical section had some distance
frommid-he;ght of, the column.
b) Specimen 5 also showed slight horizontal -hairline flaking near the
longitudinal weld in the ~op can and close to ,the circumferential girth
welds. 80th of these appeared almost identical with the major buckle.
c) Specimen 6 exhibited hairline flaking close to the longitudinal weld
fn the bottom can and slight flaking near the circumferential welds just
prior to the formation of the predomiRant buckle.
d) General flaking at the bottom of the central can in Specimen 6 did not take
place until after formation of the major buckle.
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Fig. A 18 Local buckling mode at the critical
section of Specimen 5
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Fig. A 19 General flaking from Specimen 5
A24
Fig. A 20 General flaking for Specimen 5
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Fig. A 22. Out~of-straightnessprofiles of Specimen 6
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Fig. A 24. Head-to-head contraction of Specimen 6.
Fig* A 25 Specimen 6 at the, end of test
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Fig. A 26 Local buckling mode at the critical section
at a height about 1.4m from the top of
Specimen 6
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Specimens 7 and 8
11.0 mx 0.38 mdiameter
36 ft x 15 in diameter
a) Specimen 7 buckled in a plane essentially perpendicular to a plane contain-
ing the longitudinal welds. The first area of general flaking to form was
at the top of the third can from the bottom~ and flaking from the third
can from the top did not appear until substantial deflection at the first
buckling location had taken place.
b) Just prior to buckling some small criss-cross flaking patterns appeared
near the longitudinal welds of cans second from top and second from
bottom.
c) In Specimen 8, indications (in the form of horizontal hairline flaking)
of a buckling location at the top of the fourth can from top were evident
at a load of 1.78 MN (400 K) or P/Py =0.67, but not until a load of
2.14 MN (480 k) or P/Py = 0.8 did an indication of a location at top of the
fifth can from the top become evident. At buckling, considerable rotation
appears to have been absorbed at these locations simultaneously, in
addition to formation- of hairline flaking patterns close to the longitudinal
weld in the third can from the top.
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,Fig. A 28. Out-af-straightness profiles of Specimen 7
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Fig. A 29. Lateral deflection at mid-height of Specimen 7.
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Fig. A 30. Head-to~head contraction of Specimen 7.
Fig. A 31 Test set-up for Specimen 7
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Fig. A 32 Specimen 7 at the end of test
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Fig. A 33 General flaking near upper part of mid-height
for Specimen 7
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Fig. A 34 General flaking near lower part
of mid-height of Specimen 7
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, Fig. A 36. Out-af-straightness profiles of Specimen 8
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Fig. A 38. Head-to-head contraction of Specimen 8~
Fig. A 39 Specimen 8 at the end of test
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Fig. A 40 General flaking near mid-height
of Specimen 8
A46
Fig. A 41 General flaking near mid-height
of Specimen 8
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Specimens 9 and 10
11 .0 mx 0.56 mdiameter
36 ft x 22 in diameter
a) Both of these specimens buckled in an interactive buckling failure mode.
In Specimen 9 this buckle appeared suddenly and was preceeded by small
hairline flaki'ng near circumferential girth welds and the longitudinal
weld of the second can from the bottom.
b) In Specimen 10 the horizontal hairline flaking near the longitudinal welds'
of the two cen'tral cans appeared just prior to the formation of the primary
buckle. Just prior to buckling there seemed to be three possible locations
at whi,ch the primary buckle could form. They were at heights of 150 mm
(6 inches), 1 m (3 ft) and 2 m (6 ft) respectively above the bottom of
the second can from the top. At each of these locations some hairline
flaking was observed. Finally, the primary buckle formed at the lowest
of these three levels.
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Fig. A 46 Overall failure mode of Specimen 9
AS3
Fig. A 47 Local bucklina mode at the critical
section of Specimen 9
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Fig. A 52 Overall failure mode of Specimen 10 at the end of test
Fig. A 53 Local buckling formed at a height of 6m
above the bottom of the column
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Fig. A 54 Hairline flaking near the longitudinal
weld of the second can from the bottom
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Fig. A -55 Local buckling also formed at a height of
3m above the bottom of the column
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APPENDIX B
MOMENT-CURVATURE-THRUST (t1-P4) CURVES
1. General
Tangent stiffness method is applied to obtain generalized stress-strain
relationships (moment-t~rust-curvaturerelationship) for fabricated tubular
steel column sections subject t9 compression combined. with biaxial bending.
In the analysis, both longitudinal and circumferenti·al residual. stresses
are considered using Tresca yield criterion..· In particular, allowance has
been made for relieving of circumferential residual stress~s due to applied
longitudinal loads which cause a IIPoisson's ratio effect" on circumferential.
residual stresses ;-n two directions~ a comp.uter program was developed to
provide numerical results. The effects of residual stresses on the elastic-
plastic behavior of fabricated tubular steel columns are presented.
82
In the elastic range, elastic Poissonls ratio (0.29 for steel) is assumed
to be adequate. However, in the plastic range, the case ;s somewhat different.
,When both circumferential and longitudinal stresses are either in tension or
compression, then the Tresca yield condition indicates that the limiting stress
of an element is the 'unia'x;al yield stress cr , beyond which the element cany
assume no more load, but merely deforms plastically. However, in the tension-
compression regimes of the Tresca yield diagram, the element stress condition
;s such that the elemental stress state can change while the element still
remai,ns on the 'yielded curve, but merely shifts its position on the sloping
lines of the Tresca yield diagram. For this to be so, a Poissonls ratio
of 0.5 ;snecessa,ry, and the limiting longitudinal stress reaches, eventually,
the uniaxial yield stress cry of the material. In other words, an element
which has yielded in either of the tension-compression zones· of the Tresca
yield diagram does have some resistance to an increa~ed section curvature.
A rigorous plast1citysolution requires the s,train vector to be normal
to the yield surface (flow rule). How·ever, a solution of this type ;s compli-
ca'ted. In order to find .a re'"atively simple, yet reasonably accurate solution
to this impasse, the concept of effective modulus E
eff is adopted herein. As
discussed above, an element has an eiastic modulus, E, which can be assumed
constant until the element yields at a longitudinal stress, cra- We also know
that at the uniaxial yield stress, cry' the effective E value is zero. These
two conditions were linked with a straight line as shown in Fig. B2 t to provide
a ,reasonable estimate of decreasing elemental resistance to an increased
applied longitudinal loading in the tension-compression regimes of the Tresca
yield diagram.
3. Moment-Curvature-Thrust (M-P-~) Curves
With inclusion of residual stresses in two directions, and the stress
relieving· through IlPoisson ' s ratio effect ll considered on an 'elemental basis,
B3
a modified M-P-<I> curve ;s expected on a tubular section. Figure 83 shows a
comparison of M-P-~ curves for a IIperfect" tubular section with no residual
stresses and that of the same section with due consideration given to both
longitudinal and circumferential residual stresses. The curves compared are
for the case of constant axial loads p = P/Py = 0, 0.4, 0.6 and 0.8 and uniaxial
bending moment My (see Fig. 84). As expected, the stress relieving phenomena
result in the same fully plastic moment capacity r1pc for all cases considered.
Other sets of M-P-~ curves for a col umn section w·; th res; dua1 stresses
included are also presented. Figures 85 show the effects of.btaxial bending
moment m
x
=M/Mp being applied to the section for two cases (p = 0 and 0.4)
As expected," the inclusion of such an effect reduces the fully plastic moment
capacity of the section. Fig. B6 shows the effects of axial loads on the
segment for the case of constant biaxial moment mx = 004.
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APPENDIX C
STUB COLUMN TESTS
Prior to the.testing of ten long columns, three stub column tests
were made on two 15 in. diameter specimens about 3 ft. long and one 22 in.
diameter specimen about 4 ft. long. The length of the stub columns is
such that column instability cannot occur but was sufficiently long to
retain the original residual stress distribution of the section. The
stub column test gives an average stress-strain curve showing the effect
of residual stresses. The proportional limit, the static yield level
and the elastic and the elastic-plastic mo.duli are the important data
furnished by the curve. Data from the stub column test are necessary
for the prediction of column strength based on the tangent modulus theory
2
cr = 'IT Et (e1)
cr (KL)2
r
The stress-strain curves for the three stub column tests are shown
in Figs. C-l, C-2 and C-3 from which column buckling curves based on
Eq. eel) are produced in, Fig. C-4. These column curves have been com-
pared in the main text with the results of long column tests. Stub
column failure data are summarized in Table C-l.
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Table C-l Stub Column Failure Data
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Specimen
1
2
3
Diameter
m (in.)
.381 (15)
.381 (15)
.559 (22)
Length
m, (in.)
.907 (35.7)
.907 (35.7)
1.17 (46.1)
Dynamic
Ultimate
Load
kN (kips)
3596 (808)
3373 (758)
4584 (1030)
~-----'-' S"tatic· -,
Ultimate
Load
~_~,_<k~e~),
3444 (774)
3222 (724)
4459 (1002)
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